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Scanning Auger Microprobe Qua l i t a t ive  Analysis 

Langley Sample A623524 

Given system: S i c  reinforced AI. a l loy .  

Alloy 2124 

Al cu Mn 

by Wht. 93.5 4.4 0.6 

Mg 

1.5 

The sample was c u t  and polished ,.i the  d-rect ion 

of t he  actrusion.  
- - - -  -. - - - ---- - 

S W  appearance: P i g .  1 shows a typ ica l  region of t h i s  sample. There is  s u f f i c i e n t  
._ 

I 

r e l i e f  in the ourface t o  see c l e a r l y  the SIC f i b r e s a n d  o ther  f ea tu res .  The  

axes of t h e  SIC f i b r e s  appear t o  be d i s t r ibu ted  f a i r l y  randomly around the  sur- 

f ace  normal. There is a l a r g e  variation in  t he  s i z e  of t h e  f i b r e s .  

I 

Auger analyofa: 

?is. Efi m Auger tpectrum-of therbole-ef t h i s  region and sbs._that thFmajor - 

featurcr%rrr AI., Si, C and 0.- Point A in the center of t he  micrograph is a f l a t  

region shorn a t  a higher magnification i n  Fig. 4. 

P l g .  2 shows s o m e  of the t yp ica l  points of interest of Fig. 1. 
c _ -  

- 

- 
Fig. 5 Is t he  similar reg ion  

D. The Auger spectrum from these  regions is shown in F i g .  6 .  This  s p e c r r m  

shows that the fcatures are Mg/Al with s m a l l  amounts of C and 0 vhich are  probably  

su r face  contaminants. Some S i  appears t o  be present but  Cu and Hg a r e  low t o  

undetectable .  Point  B i n  t h e  middle r i g h t  of the micrograph Fig.  2 is shcwn a: 

higher  magnification In Pig. 7 .  

t o  be a large S i c  fibre near normal t o  t h e  surface. 

The Auger spectrum from th i s  f e a t u r e  shows i t  

Fig. 9 I s  an enlargecent  

of the f i b r e b t r i r  boundary region on the l e f t  hand side of t he  f i b r e .  - n e  



t 

bruht dot ted  l i n e  shows the  pos i t ion  of an Auger l i n e  scan taken across  this 

I boundary. 

scan Fig. 10 i s  of Al MeV, S i  9OeV, C 264eV and 0 SOOeV. 

that there I s  an A 1  oxide region -lu vide between t he  Al matrix and the  Sic 

p a r t i c l e .  

The length  of this l i n e  is 1.2u.  The mult ip le  Auger l i n e  - 
'r The l i n e  scan shows 

i 
This result r i g h t  be s i g n i f i c a n t  but should be t r e a t e d  caut iously.  

The topogr8phic relief of t h e  -le may cause some shadowing of t he  Argon 

Ion beam used f o r  c leaning the sample. Mowever, the  spectrum from t h i s  region is 

very shl lar  t o  that of point  E which Is c e r t a i n l y  an A1203 p a r t i c l e  because of its 

charging a t  l o w  SEM vol tages .  

11 m d  12. 

vol tages .  

I s  no t  s u f f i c i e n t  t o  d i sc r imina te  aga ins t  s igna l  from a-cent regions but t he  

This region  and the spectrum a r e  shown in Fig. 

There arc a l s o  HgO particles which s imi l a r ly  charge a t  low SEM 
; f p - -  b - ".a . - ...e- - - 

The s t a b i l i t y  of t h e  be- p o s i t i o n  over the acqu i s i t i on  time ( 5 mins) 
c 

i 

I 

'I 

spectrum does show that the re  i s  no de tec t ab le  accumulation of Cu, Mn, or Mg 

a t  t h i s  boundary. 
$1 

Point  C i n  t h e  lower l e f t  hand side of micrograph F i g .  2 is  

shown a t  g rea t e r  magnif icat ion in Fig. 13. This I s  a f l a t  region and from 

t h e  Auger spectrum In Fig. 12 I s  a C u / A l  a l loy .  Point  F is shown enlarged i n  

- -  -74. 1s d f. a typical cotrixrrgiar, *&a 8pectrum is sb& I n  -_ Fig. l.6- 

Note that the -7- Thir inarCiGb r a d y  that the u € ~ i x  ia grutu  than 90% ~ l .  

lov energg t a l l  of t h e l h g e r  transition Is much less than that of Fig. 1 2  

shoving that t h e  oxygen is j u s t  a eurface contaminant. 

I 
~ -- 1 ~ 

Conclusion: The sample has a very inhomogeneous d i s t r i b u t i o n  of cons t i t uen t s .  

i The riaor cons t i t uen t s  of the n o m i n a l  Al a l l o y  are not  de tec ted  in t h e  ~ y i i i c  

utr lx ,  but a r e  found In d i s t i n c t  regions.  

1Ou sited p a r t i c l e s  that are binary Al a l loys .  

The 0.1, Mn a r e  segregated in:o 1 -  

The Mg a l s o  segregates ,  b u t  

into smaller p a r t i c l e s  t h a t  a r e  M g O .  A boundary region between one S i c  : ; ! , b  

md t h e  matr ix  vas found and t h i s  region Is A1203. 
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FIG 4 

m/Al regions , spectrum F i g  6 .  
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Iarge S I C  particle 

FIG 7 
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Al / S i C boun d a r y . 

F I G  9 
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CuIA1 region 

FIG 13 
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Al 'matrix', point P 
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TO: 

B i l l  BteilJer, NkiS.'. ' 3 L anqley 

- -  

I 

Desr E i  1 i , 

T h i s  is an informs1 report of our work nn your Sic 

is blamerping, I am w r i t i n g  a paper ort one of the purely 

t e c h n i c s 1  microscopy problems involved in analysing such i 

c+stents. I will let YOU have this a s  s o m  as it completed as 

i t  will give YQU som@ mare beckaround t o  these results .  

The three ZiFitcimens s t u d i e d  were a l l  the @A51rl, hot rolled 

specimens you sent me, 

i i  STNCI: k1212d hot ro l l ed  to 0,0Sin, thick w i t h  T6 temper, 
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2 j  T 6 , 6 5 :  S i c  i n  A12124 h o t  r a l l e d  t o  @ , W i n ,  th ick w i t h  T 6  

temper 

3i F,65: SiL i n  A12124 hot r o l l e d  ta 6 ,05 in ,  t h i ck  as 

e x t r u d e d  

T h e  p reuar r t ion  of t h e  specimens and t h e  experimental 

c o n d i t i m s  are  covered i n  appendix A ,  

- - - _  The results of the invest igat ior l  were not  s t  a11 what we 

expected t@ f i n d ,  or what '&e were lookins fo r  e t  the r t e r t  of I 

the p r c j c c t .  Sc I t h i n k  i t  w 6 J l d  be useful t o  summrrire t h e  

negative results f i r s t  and ao onto the results t h a t  Perkgaps 

ere mcre mcar,irqful,  

The major negative result is that  no react ion zones between - -  

-- _- .. - t h e  Sic - and --%ne--Tltov a- matrix w e r e  -found, The spatial 

_- ~ rmrolutiofi of the Auger t e c h n i q u e  equals  the rlrsolution of 

the beam 6,1u, So t h i s  meanb t h a t  i f  any react ion prodi~cts 

- - _  - - - 
- - 

! remain i n  corltact around the Sic then t h e y  r r e  formed i n t o  a .  

zone of less than this thickness, Further experiments t o  

. deternine vhether t h e  ramnsrlts of 6 react ion t m ~  s t i l l  

8dhercd t o  t h e  S i c  wirkrrs a f t e r  po l i sh ins  were also 

nega t ive ,  RE the Auger t e c h n i w c  samples only 6-28 A ,  B v e r y  

t h i n  l ayer ,  I strongly adherent resc t ion  zone m i g h t  be 

(cxPected t c r  be s@en on top of m m e  of t h e  Sic wisker 

s u r f a c e s .  No r e a l  evidence was found t o  suggest t h a t  w l y  Sic 
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wiskers h r d  adherent reactlofi tones g r e a t e r  than 0 , 2 u ,  

HowevEr because of t h e  finite resolutim of t h e  beam, the 

high noise  i n  the m ~ a ~ u r e m e r l t ,  and t h e  smsll sire and 

i r r e g u l a r  M~-;r=r-:~. b? the wiskers I cannat  say  the:-^ are no 

@dherer,t reac t ion  products8Thty are j u s t  v e r g  u n l i k e l y .  The 

l i m i t  of the  r e so lu t ion  s n d  s t a b i l i t y  of t h e  microscope was 

reached in these experiments fcjr spec t ra  sa o s t a t i s t i c a l  

method was tried, As the sire v r r i e t io r !  and random 

d i s t r i h t i o n  of tFle wiskers would be expected t o  giv.e some 

-expQrod Qfeas gf p r eac t ion  zone,rnd i f  these areas were 

--- 
I 

- -  .. greeter than 8,  l u  we might see them. Wswegcr ---a I f a + i W l  - - - .  

methad bssed OR the close sssoc iz t ion  of S ic  and Mn Fe and Cu L 

d i d  r lct  succeed i n  producing any ~ o s i t i t i e  resu l t ,  

Trle second m e j o r  negs t ive  result was t h a t  there was no 

obser.iatrle d i f f e r e n c e  tetweer, t h e  B S  extruded specimen F,85 

and t h e  a r t i f i c i a l l y  aged specimen T6,0.5 -. 
- - -  ---- - - -  

- r r  - -7 _ _  -- - -- . -  - -- 

- ___- 
- *  

-- 
i_. 

_- _ -  W i  th what we d idrt'? f i n d  out of the wry I w i l l -  s t a r t  on what 

we did f i n d ,  

conclusion of 

l a s t  report I 

now. 

I t  is i r l tersct i f ig  t a  note t h a t  t h e  major 

t h i s  s t u d y  was contained ir, the resul ts  of the f 

ser,t ~ 'Z 'OIJ  ISapt851,  I P,ad oderlooked i t  u n t i l  

cell of 13 April  you pointed out t h a t  there 

are twn intermetsllic Al p r e c i p i t a t e  pheses we would expect 

t o  S E E ,  E a t P ,  crecipitates cor,tain Cu orje phase w i t h  Fe and 

the cltfler w i t h  M n ,  I n  the standard alloy without S i c  (STNDj 



t h i s  is p r e t t y  well e x a c t l y  what we see, See appendix C f o r  

the experimental results on this specimen, I n  c o r t r a s t  t o  

this, the intecmetsllics we see i n  the a l l ~ y s  w i t h  S i c  are 

Cu/Al  arid Mn/F@;Si/AI. T h i s  is our majer resu l t ,  No 

measureable t r a c e  of  Fe i s  present in the Cu:.Al phases found 

i n  t h e  SiCIA12124 specimens Appendix El points  out the 

con;parisorl in the  spectra between the C u j F e i A l  of the STND 

e l l a ,  w i t h  the C u / A l  of the SiCiAl2124 s ~ e c i m e r ~ s .  No o t h e r  

i n t e r m e t a l l i c  phases appeared t o  be present i n  t h e  SiC/Al2124 

specimens ie Al/C e c t ,  But t_hssrr may well h a v ~  been missed i n  

___ -- t h e w s 1  mmiilrxity et-&=ie r l loyiwidces system There is . 

definitely a problem with these m c f e x  systems of 

i d e r # t i f i c a t i o r ,  of small areas, There a r e  scl many smsll 

fe2itc;reE t o  i n j e s t i g a t e  t o  f i n d  (i p r e c i p i t a t e  S i t h  a t o t a l  

area of siry G,i% mearls testing hirndreds of small features and 

c5mpletenesE cf s r + s l y s i s  cannot De gu3fante@do 

- 

- -_ 
imcrqing of the- SiCiiil2-&& samples WLS undertaken to - - 

- .  __ - 
t imfaadshmeri t t  ths - 

~~ f u t m t  y_ f b i 4  
i n t e r m e t a l l i c  p r e c i p i t a t e s  were loself ass-ocisted sitti the 

S i c  wiskErs. The o s soc i s t ion  w h i l e  not strcng is clear, in 

some cGses smiil I intermetal 1 ICS were obser. ,ed decs ra t ing  the 

larger Sic uiiskers, of t en  nasr t h e  erlds or s h r r t  regicrrls of 

the wiskers,  In  o t h e r  cases l e rge r  i n t e rme ta l l i c  p r e c i p i t a t e s  

were f r  rd3 irl close proximity t o  one or  more S i c  Siskers o r  

between them, Areas t h s t  were free of S i c  were e l m  

relatively s p 6 r s e  i n  p r e c i p i t a t e s ,  Several m u l t i p l e  Auger 

irn8ges were taken t o  test  t h i s  cnd these ate shown i n  

I 



rppendix 6 the r e s u l t s  from T6,85, 

SO where sre we nou 7 We have d i f f e r e n t  p r e c i p i t a t e s  i n  the 

S i C / k 1 2 1 2 4  aind the s t a n d a r d  a l l o ~ ,  We have rlo r e s c t i o n  zories 

but there is some spstisl correspovdanca beween the anomalous 

Si/Fe bearing p r e c i p i t a t e s  and tho S i c  wiskers in the 

reirtfnrccd a l l c r t ,  

Hers I will indulge i n  smre speculation 

. -~ Would we be expected .-b see r e x  t i o n  zones anywgy in the much - 

rolled SiCiAlloy spec imar l s?  Well riot perfec t  ones but  ir;e 

uoirid expect  t o  see the r e x t i m  products show up, Perhaps 

n o t  a t  tk!e Sic i n t e r f a c e s  bbt rlear, Would we then expect t o  

see d i f f e r e n t  i n t e r f a c e  e f f e c t s  between the F,85  end the 

T6,65 specimens! P e r h s p s  not  i f  the reaction i s  is l s r g i y  

over beween the re&cTsrlts - ard t h e  5 i C  whiskers during 

Tk,e excierirnental  c o n c l u s i o n s  iire these: 

i 

irtterrnetzllic p r e c i p i t s t i o n  behsvour 
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*NO carbide phases were found,  but the completmess  G f  the 

a r , s l z / s i s  i s  suspect ,  

W o  r e j c t i o n  P r o d u c t s  were tourd rdhereing t o  any S i 2  

wktiskers, 

*There i c  B c l e d r  but  no t  strcrng s p a t i a l  a c s s c i a t i o n  of 

i r , t ermets l l i c  P r e c i p i t E t i m  with the S i c ,  

*The T6  temper end  the F ai5 extruded SiGiAl2i24 systems weie 

i ndis t i ngu i sable in these experiments l 
. -  - e- P - c  - --  - .~ 

L 

With these conclusions I w i l l  make the fcrl1o’J;ing 

#The react ion products i f  Wiy, ore  n o t  t i g h t l y  bour!!d t o  the 

Sic s n d  rnsy well be mobile. 

* The m o j o r  interartiorl  bewen the Sic and the A12124 hae 

been comcleted before aging,  but 4 reaction during aging i e  
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therefore fr  p o c i t i l i t y ,  

I f  ttleae c o r , c l u s i m s  ar!J suppoci t i o n s  have some v i l l i d i  ty then 

t h e r e  are  t%tc d w w l d e r l t  q u e s t i c m s  t h s t  could be posed 

1 :I Are t r~ese cor l c lus io r ! s  importgnt .  

2:) I s  i t  possible t o  mske B model system t o  folloilr t h e  

resictior, mtre sccuratelY, i e  large w i s k e r s  n u t  rolled, 

. I -  -- 



i.tFPEliC~1 .x ic , 

SpecimEr, prepsrbtiofi and experimental c o n d i t i o n s .  

rill t h r e e  spFicimerls were wsshed in alcohol f o r  degreGsing,  

The sPecirner,E were cleaned i n  ?'HI.' u s i n g  3ke'? icrgm iorlS w i t h  

(I t o t a l  clesning time equiva ler l t  to tipproximatsly. l a b  

t BmCived 

! 



fiFPEtJCI1 r b, 

Results on 16.65, Sii; i n  A12124 w i t h  T 6  temper, 

F ig  bi srIows 6 los& msgrli i ication SEM image of a gerleral 

spec i mer, reg i on, Moo iK I 

Severs1 different  regions could be i d e n t i f i e d  from t h e i r  SEM 

c o n t r a s t ,  S ic  end A l  and Mg oxides were most c loar ,  The two 

i n t e r m e t d l i i c  ~iha,ces t h a t  were fcund were of s i m i l a r  contrast 

and slishtli l i g h t e r  tharl t h e  matr ix ,  T h e  i n t e r m e t a l l i c s  were 

1 gf two  d i s t i n c t  _types and generally formed in well separated 

L - -  - regions of UP $0 a u  irt sizeI-Xhe spectrum from thc: MnFeSikl _- 

c region is shown irl f i g  82,  -further spec t ra  from these twuo 

regions Ere presented i n  opnsndix E, t h e  results from 

Specimer, F.65, The spectrum f i g  e2 EihGrJtS t h e  overlap w i t h  t h e  

Mrl wid re  ~ e a k s ,  It car, he 5ee-1 t h a t  two of three t fh  and 

- 

Fe pesks ot;erlafr, With  the noise  in the messbremerlt the Fe 

was cjrigortally overiooked, From t h e  results on t h i s ;  specimen 

and the results OR the ~ ~ 6 5  specimefi-it--rsr tse ._ c i e a r i r  reen 

- 

- zI-.k 

-- - .- P _ _  b 
~ - _  that t h L € k h a s p r m @ n t  i a l l y  pre ripiteted w i t h  t h e  Mtl arfd ~ - 

Si .Th i s  i s  dicusaed more f u l l y  i n  apperldix E l  

T h e  two p r e c i P i t a t e  phasee t h a t  were fourld appeared t o  be 

assoc ia t ed  w i t h  the  S i c  f i b e r s  and a new technique *as 

I i n v e n t e d  t o  confirm a n d  dirplry t h i s  a s s o c i a t i o n ,  T h e  

techniqiie of multi-spectra false color imagirlg a1 l o r s  the 

MnFeSiAl, t h e  Cut412 and the S ic  t o  be imrsed rimiltaneolAsly 

i n  remrrte c o l o r s l  Brown fcjr S i c ,  purple f a r  MnFe=l;kl, 



e n d , n r t u r r l l y ,  green fo r  c'u cil, Although the imrgcs i n  

c e r t a i n  areas appear noisy, j u s t  s i n g l e  p i x e l s  appearing, 

Where t h e  pixels a r e  green or p u r p l e  these are generally 

s i g n i t i c a n t ,  I n  a large brea stan of t h e  SEM f i g  B i  i t  was 

found t h a t  the area5 of the p r e c i p i t a t e s  were Curil-OEA, 

MnFaSiAl-Ili w i t h  S i c  being 26% of t he  @rea, T h i s  is just an 

i nd ica t ion  of the Brms and not s t r i c t l y  planimetr ic .  There 

are several problems i nvo lved  in t h i s  measurement, Some of 

which w i l l  be covered i n  B later paper, 

It SPvQIPl f a l s e  color images were taken over the area seer1 i n  

the SEM f i g  63. This IS -the -cegion r e w ~ i n ~ - i & e  m i u m r , - -  

rigtit i n  SEM f i g  f i l l  T h i s  is where there is I region f r t r  af 

515 wiskers. Figs 64 t o  E317 ore false color images from this 

region, t h e  s p e c i f i c  rites are ind ica ted  i n  a g r i d  i n  fig 63, 

The o s s c c i r t i o n  of the precipitates w i t h  t h e  Sic cbn be seen 

from these fias. For exEtmple in f i g  E' there is little S i c  

and v e r y  l i t t l e  p e c i p l t a t e .  A l t e rna t ive ly  the large CuGl and 

Mrl FaS i a- - reg i m s  assoc ia ted  w i t h  clump%-- o f -  S i c  see 319% 

8t0,BLG.- In th@ F r q  i t a t e n u m e  fmmd 
associated inbetween twa close Sic fibes or near the s b r p  

- I 

L _ -  ". - . -  
I 

ends of fibers, h u t  no t  in  a l l  CBSQE; ,  
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fif'FEI.JC) I .?. 1; , 

Results on STNL, Alloy A12124 w i t h  T6 temper. 

Fig C i  ~ ~ ~ ~ r n f  6rl SEtd tram one srea on t r 8 i s  sample t h a t  showed 

some l s r g e r  p r e c i p i t a t e  a r e a s ,  lnese ares5 uere i & r , t i f i e d  by 

t h e i r  s \ i g k l t l r  di f fe ren t  tmogreFhics1 r e l i e f .  The l a r g e  

p r e c i p i t a t e s  were found t o  be complex and com~osed of two 

a r e s s ,  Spectra from the t w r ?  areas  sre s h o w  i n  f i g  C2. These 

pPIsse area5 ksre f m n d  tc be the  expected precipitates CuFeAl 

or,d CuMnhl,  The LuFewl phase spectrum k is the upper l i n g  of 

f i g  C2 and the CuMnAl phase spectrum B the lower, The 

- p r e c i p i t a t e  areas were imaged using-false cclor imaging f i q  

C3, The P i x e l  step i n  f i g  C3 is i.2u b u t  the resolution of 

the beam is 8,11~, The image is 1 5 6 ~  a c m s s ,  Fig C3 shws 

?Piere is E! wide  d i s t r i b u t i o n  of p r e c i p i t s t e  sizes and the 

l erge  F r e c i G i t s t e s  a r e  f i n e l y  mixed regions of the two p h a . ~ e ~  

1LFe-l &rld I;crMnkl, The C u F e k l  has beer0 imaged i n  green, t h e  

LcrMnr;l in  purcle  and tPle ochre E i x e l s o r e  - the oberlep betwwen 

the two p r e c i p i t a t e s .  - ~ r , ~ y  two prec jc to tes  __L- - are bGiev;ed-- t o  

~~ e x i s t .  There a m o n l y  25 noise pixels i n  t h i s  image, That 

means t h e  s i n g l e ,  double and small mbttiple pixel groucs &re 

- 4- - - --- 
I m- 

~ ~- ~ _ _  

r i g n i f i c a r l t  arid n o t  n o i s e ,  

Becsuse of the f ine  s p a t i a l  mixing  rjf the E r e r i p i t a t e s  there 

1% mome Eroblern in g e t t i n u  a spectrum from jus? one regior!, 

B u t  i t  aoes amear  from a comPilation of many s p e c t r a  t h a t  

the CuMnkI pkirse may we1 1 hove a small m s u n t  o f  Fe, 



Fig 54 1-c gn expanaed spectrurrl from the CuFekl phase and can 

be compared with the same region in the CuCilE phase of the 

results i n  sppendix D.  

.. - -  

_. - -.- _I- 
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kPFEfJCII 7. G , 

R e s u l t s  orl F,335, S i c  i n  A l 1 o . y  A12124 a s  e x t r u d e d .  

F i g  Di s h w s  an SEl.4 trom o m  61x5 ofl this SamPle, The oberlsjr ,  

i r , d i c a + e s  the comPnsi t i o n  Gf the  fea tures ,  The s p e c t r s  frclm 

th8 Sic iind tne p r e c i c i t i t e  regions &re shawl i r ,  figs 

C12,D3,1i41 In  f i g  Up t h e  SIC spectrum shews the d i s t i r l c t  

f e a t u r e s  of the S i  and C huger t r sns i t ions  a t  9+eV and 26C)e’4 

~espertively. I n  f i g  Ci3 the Cu and A I  features car1 be seen 

clearly, Here the C and 0 are probably j u s t  surface  

contamination, I n  ficl -_ 84 the MnFeSiAl phose 6ho;11S UP 

walllCompariron oi-the Si perk height-in t h i s  f i g  w i t h  the Si 

in the Sic. s h o w  tha t  t h e  S i  c o n t e n t  is considerablel Again 

the C and 0 are probatlv sut tace  c m t a m i r l a n ? s ,  ComEsre t h e  

S1~c;’l phose f i s  G3 w i t h  the spectrum from the STNE CuFehl i n  

f i 9  Ld,  There is clearly little i f  a r ~ y  Fe associated w i t h  the 

LUh12, 

I 
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Interfacial layers in high-temperatureoxidized NiCrAl 
L. A. Larson, R. Browning, and H. Poppa 
NASA Ames Research Center, Moffett Field, Califtnia 94035 

J. Smialek 
NASA R e a r c h  Center, Clewland. Ohio 44135 

(Received 24 September 1982; accepted 17 November 1982) 

The oxide and diffusion layers produced in a Ni-14Cr-24A1 alloy by oxidation in air at 1180 ‘C 
for 25 h have been studied using scanning Auger microscopy and ball cratering for depth 
profiling. During cooling, following oxidation, the oxide layers formed by this alloy spalled 
profusely. The remaining oxide was very thin ( c 100 A) and was primarily Cr203 with a trace of 
Ni (although other oxides are possible). The underlaying metal substrate exhibited y / f  (NV 
Ni,Al) andg (NiAI) phases; however, there was metallic interfacial layer at the surface. This layer 
was similar to the bulk y/f phase, but slightly enriched in Cr and Al. Thee data are compared to 
electron microprobe results from a nominzlly identical alloy. The diffusion layer thickness is 
modeled with a simple mass balance equation and compared to recent results on the diffusion 
process in NiCrAl alloys. 

PACS numbers: 8LhQJ3n. 82.80.P~. 68.60,+ q, 79.20.F~ - 
- . q - .  _ -  -Ta+.”-- -- _- 

- .-_ cion zonepabt attendant changesin umpmition, and the 
utility of &gq electron spectroscopy combined with ball 
cratering for this type of depth analysis. 
II. EXPERIMENTAL 

Buttons were made from Ni 270 sheet, iodide 0, and Al 
shot (all 99.99% pure) by melting in a tungsten electrode arc. 

thick were cut by a 

resistance dMCrA hYs 
is the result of their ability to selectively oxidize Al to A1203. 
The high-temperature oxide phase a-A1203 allows minimal 
Oxygen Providing Protection betWeCll the 
metal and the environment. 

It is pe ra l ly  agreed that the kinetics OffOrIRatiOn of- 
a-A1203 layer involves primarily the inward diffusion of diamond wafering mer annealing in for 24 h at - 

Sample approximately 5 x 5 x 1 

-- _._.I 

. ,  

. .. 

the metal to form the protective A1203 layer; instead, theleap 
protective oxides of the other alloying metals form. These 
oxides allow further diffusion of oxygen into the alloy result- 
ing in internal Al,O, precipitates. 

The aluminium diffusion processes are particulaily im- 
portant for superalloy overlayer coatings. In this case, alu- 
minum diffusion from the coating into the substrate metal 
has bccn ob~erved.~~ If the diffusivity of AI into the substrate 
is high, more Al may be lost to the substrate than is used in 
oxide overlayer rlpvelopment. As this reservoir is depleted, 
the co&&-may not be atjrSi@ply suffidieirt AI for AI;03-” 
formation, and the coating will not provide oxidation protec- 
tion. 

Diffusion of AI to the oxidometal interface implies the 
depletion of AI in &-bulk metal. This takes - place in the form 
of a depktion zone in tbc near-surface region metal.3 This is 
apparent in metallographical sections after severe expo- 
sures! It is the purpose of this paper to point out this d8u- 

I 

tion into the sample. In this &se, a 578 in.-sphere was used 
with 1-pm diamond paste. The spherical section formed by 
the ball cratering was 2.2 mm in diameter and approximately 
65 p m  deep. Stylus profilometer measurements of the crater 
thus formed were in good agreement with the geometrical 
depth estimates Following cratering treatment, the sample 
was transferred to the Auger microprobe for analysis. 

The Auger observations were made using a 30-nm-diam 
beam of electrons with 5 kV energy in the microprobe de- --. scribed % * previously by Todd et (71.’ The microprobe was oper- 
a d  under curnputer contrbl to &-bin selected point spectra 
as well as scanning Auger micrographs with high lateral re- 
solution. Overall surface contamination was removed by Ar 
ion bombardment at 3 kV and - 1 pA/cm2. 

11i.RESULTS - 
An oblique vicw of the edge of the ball crater in the Ni- 

CrAl sampk is &own in Fig. l. The oxide surface formed 

- 
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FIG 1. SEM image of the oxidation layers in the ballcratered NiCrAl alloy. 
(a) Oxide surface, (b) y /J  phase bulk metal, (c) B p h w  bulk metal, and (d) 
interface m e  ( y  phase). 

The compositions obtained in this study are the averages 
of -25 Auger spectra from each type of area. The individual 
spectra were analyzed using sensitivity factors obtained 
from elemental spectra taken on the same machine under 
identical conditions, theh self-normalized and averaged as a 
group. The error reported is 1 rms deviation of that average. 
The results reported in Table I are in good agreement with 
the electron microprobe results listed in the same table. The 
deviations observed in the /? phase composition5 can easily 
arise from slightly different histories of nominally identical 

It should be noted that an appreciable carbon contamina- 
tion (on the order of 10%) was observed on all metal surfaces 
in the form of a carbide-type peal, However, Musket et al. 
have observed in a review article that Ar ion cleaning is not 
sufficient to remove residual C from Ni- and Fe-based met- 
a l ~ . ~  Furthermore, it has been shown in this laboratory that 
these C signals are a preparation artifact of the Ar ion clean- 
ing. "The carbon signal was removed from the reported data 
as part of the normalization p r d u r e .  

B. Oxide layers 

SamplCS. 

._ - 

-< ~ -.--- -. -- - -c -P- t 

e- . -- *--**?w 1 
are visible as regions with 

spectively. The diffusimronc is the neardace area in 
which no phases are distinguished, labeled (d). 

- 
1 SligWydifferat mtt!as~.these arc iabekde) and (4 - 

? _  . AZO, should farm aLring the 25 h 
A1,03 of approximately that thickness were obse&&l '&at- 
tered ova the sample. The general oxide left in the spalled 
areas was a mixture of Cr and Ni oxides. A representative 

. Auger spectrum of this residual oxide is shown in Fig. 2. This 
oxide was very thin; it was removed wiMn 30 min of Ar ion 
cleaning (- 1 pA/cm2, 3 kV). Analysis B€ a limited number 
of Auger spectra indicated that the composition is 

A. Bulk phases 
Tbe compositions of the thermodynamic phases of the 

bulk NiCrAl alloy are well known4* and are presented in 
Table I along with the msults from this study, This is a two- 9 a = 33A& 1.3%, md 

- Y -  

tl?r .- ---*---**rad-&- 

TABLE I. Metal compositions (at. %). 

Ni Cr AI 
~ 

Nominrl 61.2 15.3 23.5 

59.8 1 1 . 1  29.1 
Bphrse t 58.2f 2.1 8.4f 1.0 33.3 f2.3 

VfphUe I) 62.9-- - -  1 22.1 15.0 - 
b 63.6 f 1.5 22.0 f 1.3 14.6 f 1.6 

Miision b 59.5 f 1.7 24.7 1 0 . 6  15.6 1.5 
zone (Y phase) 

'Electron microprobe analysis of nominally identical samples, average of 
%IO0 spectra, from Ref. 8. 
bThis study 

L- ~ 

... . 

'i 3 0 

1 I I I J 
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would be expected from subsurface Ni." Therefore, mono- 
layer amounts of continuous CrzO, over the base metal are 
not as likely. Other oxides such as 80% NiCr,O, + 20% 
CrzO, and 20% NiO + 80% Crz03 (all of which are known 
oxide species for this kind of alloy) are possible but do not fit 
the data as well. 

C. Interface layer 
As noted previously, the Al neceSSary for forming the 

Al,O, layer is supplied by the base metal. This results in the 
formation of an A1 depletion zone in the near-surface metal 
with respect to the nominal alloy. The compositional differ- 
ence is also very clearly delineated in the chromium scanning 
Auger micrograph of Fig. 3 as the region with little contrast 
as compared to the bulk phases. A correlation between the 
micrographs and the known geometry of the ball crater indi- 
cates that the depth of this zone is 12.5 pm. The average 
composition of this zone is shown in Table I, in addition to 
the bulk phases. In comparison to the bulk 7/f phase, this 
layer is enriched in Cr but contains about the same Al. The 
-t s u i k i n g  €&iiiiTeofthis zone is Wi5Ete  firck of f l  

& ~ ~ a u p i f o T B ) . d e p t e d ~  Qepce of 
c%&. Spectra taken near the r b / d i h i o n  zone 

-- iaterfacelrnreconsistcntwiththeaverryeoriaesforthtpar- 
ticular metal. Similarly, no diffusion gradients in composi- 
tioi~ were observed to within approximately 3% error. The 
uniform composition observed for this interface is indicative 
that y phase metal has been formed6 from the decomposition 

-c 

-. 

*- ofthe nominal y/f+ alloy. 

bines with the thinness ((100 A) oftheOTd3 imply that the 
@ l i n g  occurred primnrily duriq cool down. 

A relatively simple model can be p r o p o d  which d o  
scribes the diffusion/oxidation rcsults for this sample. Inter- 
polation of the data fnna Kahn, Lowell, and Barred leads 
to an A1203 thickness of 3.8 pm (from a parabolic scaling 
constant of k,, = 0.02 mg%m-'h- ') formed during the 25-h 
oxidation at 1 180 %. A mass balance equation can be writ- 
ten requiring the initial bulk metal (Auger data) to form 
A20, and the observed y phase interface metal. Solving the 
equations for the Al and CT constituents leads to the pedic- 

i - ~ t h a s 3 b ~  12.5pmi1~ depth, wWsirk#rrCeb. - - katagrsGmentwithtkobserved12.5pdepth.Usimgthe 
geminal c%mlpo6ih afthe original alloy leads to rra inter- 
face thickness of 13.1 pm which is comparable to the ob 
wed value. Implicit m this calculation is the assumption 

tbrt the Crcdent dtbt of@hil metal is retained in the y 
phase interfacial region- The Ni component of the original 
metal does not bahace with that retained in the in tdkia l  

FIG 3. Chromium Augcr image of the crater edge. (a) Oxide surface, (b) 
interface layer, lad (c) bulk phses. 

_- 

--- .. *.-- - llc)9- 4"- , -_ - -- - 
*e. As a significant amount of Ni oxide is not observed 

<+& the oxidation pbxss, it is implied that the bulk metal 
sep(b~p6 a sink for the back diffusion of Ni during oxidation. 
However, the oorrespodhg Ni accumulation in the bulk 
was not observed. 

A study of solute traosport during the cyclic oxidation of 
NiCrAl alloys hasbeen recently reported by Nesbitt.' In this 
work, diffusion cot5cicnts were experimentally determined 
for Zrdoped NiCrAl alloys. These results were then utilized 
in a numerical model to predict y layer thickness, the con- 
qentratioddistance profiles, and the weight of Al con- 

- ~ 

-LI-c 
c .:-3wmCd. Quantiwvc aBcrgy4&q5&xSive x-ray s m y  

. -Atgama;ltil&h!iiA;hitt' 

*- Upod cr tmmport toaprd tlac-€iii/y phase intclikc 
ThAronr;n.,.&&&r&r-I-- - - 

4 

-- . .  . _  
(v 

1 m h  oxidation) the gradients through the y phase interface 
zone are shown to be kss than 2% which is inside the error 
expected in this work. 

One example of isothermal oxidation (used in this work) 
was given in Nesbitt's' rrport. His results from this sampling 
support the unnparativc differences between these works. 
These differences are a significantly smaller y phase inter- 
face width, minimal -on gradients, and a slight increase 
ofthe Al conccntmtm * ofthe interface metal for isothermal- 
ly oxidized samples in amparison to cyclic oxidation. All of 
these effects me due to the oxide spalllng that occurs during 
~ ~ ~ o f t h e p t . o t e c t i V t A l , O , ~ l e a d s  -- 
to an increase oftbe a- oxidaiion rate as a new protec- 
tive layer is formed. This necessarily increases the demand 
for Al, resulting in inmascd ylayer widths, and larger diffu- 
SiQn gradients. For - oxidation of up to lo00 h, 
Nsbnt found asi@bnt decrease in y layer width in com- 
parison to cyclicrIty oxidized samples, and nearly flat diffu- 
sion gradients in tbe y phase interface layer. 

J. V.C. Sd T.chnol& V d  1, No. 2, Apr.-Jurw 1083 



V. CONCLUWWS under Contracts NCC 2- 176 and NAS2- 10987. 

The utility of Auger electron spectroscopy combined with 
ball cratering for depth analysis has been demonstrated. It 
should be noted that systems with less spatial resolution 
could be equally effective for the analysis of diffusion layers 
through utilization of this technique. 

The agreement between the Auger results and published 
data from electron microprobe analysis is good and supports 
the effectiveness of AES as a quantitative analysis technique. 
In addition, a very thin Cr rich scale was observed that 
formed after the Al,O, spalled off at some intermediate tem- 
perature during cooling. 
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